Abstract A theoretical model is proposed for the apparent efficiency of fluorescence (Förster) resonance energy transfer (FRET) in mixtures of free monomers and homooligomeric protein complexes of uniform size. The model takes into account possible pathways for transfer of optical excitations from single donors to multiple acceptors and from multiple donors (non-simultaneously) to single acceptors. This necessary departure from the standard theory has been suggested in the literature, but it has only been successfully implemented for a few particular cases, such as for particular geometries of the oligomers. The predictions of the present theoretical model differ significantly from those of the standard theory, with the exception of the case of dimers, for which agreement is observed. This model therefore provides new insights into the FRET behavior of oligomers comprising more than two monomers, and also suggests means for determining the size of oligomeric protein complexes as well as the proportion of associated and unassociated monomers.
(GPCRs) [3, 4] , are involved in cellular signaling in various organisms, and are often used as targets for drugs. The mechanisms underlying protein-protein interactions as well as their kinetics are varied and often poorly understood.
Fully quantitative studies of protein-protein interactions in vivo have emerged in recent years, aided by combinations of protein tagging strategies involving biologically synthesizable probes (e.g., GFP) [5, 6] and refinements in the characterization and use of a short-range process of non-radiative transfer of optical excitations, called Förster (or fluorescence) resonance energy transfer (FRET) [7] [8] [9] , as a sensor of proximity. The mechanism underlying FRET is well understood. When a fluorescent molecule lies within a few nanometers from an optically excited molecule, the excitation energy of the former can be transferred to the latter nonradiatively. The first molecule is called an "acceptor" of energy (A), while the second molecule is a "donor" (D). By using FRET, it is possible to study protein association in living cells [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Two avenues have been usually explored in FRET studies in living cells, as follows. (Note that much of the following terminology will be introduced more rigorously in the next section.)
(1) Estimation of the intermolecular distances within a protein complex. This is based on knowledge of the efficiency of energy transfer, E, and of the Förster distance, R 0 , (defined as the distance at which E falls to half of its maximum value) [8, 11] . E can be conveniently determined from fluorescence lifetime measurements [7, 23] , whose results are independent of local concentrations of A and D molecules, and also from intensity-based measurements [21] , which are concentration dependent. (2) Evaluation of protein interaction stoichiometry. The proportion of interacting proteins and the size of the oligomers formed by them can be determined, in principle, using intensity-based FRET methods, which are uniquely suited to detect concentrations of fluorescent molecules. It has been possible to determine certain indices that are proportional to the concentration of interacting and noninteracting molecules [11, 14, 20] , the ratio between donor-tagged to acceptor-tagged molecules [24] or the fraction of interacting molecules out of a total population of molecules [21] .
Studies concerning the determination of oligomer size from FRET measurements have advanced steadily over the past few decades. Due to the complexity of the problem, however, theoretical models must resort to certain approximations. For instance, Adair and Engelman (AE) [25] proposed a simple model for the apparent FRET efficiency in ensembles of homo-oligomeric protein complexes of uniform size, which was inspired by a site-directed cross-linking method used by Milligan and Koshland [26] for establishing the dimeric nature of the aspartate chemoreceptor. Raicu et al. [21] have extended the AE model to include free monomers, and then used an approximate form of this model to determine the fraction of oligomers of a G-protein coupled receptor, the Sterile 2 α factor in yeast, and the average number of monomers, n, in an oligomer (which turned out to be equal to 2). This theory makes the simplifying assumption that the energy transfer efficiency is the same for all donor-acceptor pairs, and that transfer of energy always occurs from single acceptors to single donors, for any oligomer size. Alternative models have considered possible energy transfer between more than one acceptor and one neighboring donor, but assumed that FRET efficiency to distant monomers is negligible [27] .
In oligomeric complexes other than dimers, the number of pathways for de-excitation of donors through FRET is greater than one and depends on the number of donors and acceptors in the complex. Conversely, acceptors can be excited by several donors through quasi-parallel processes, in which the excitation of each donor can be transferred with a non-zero probability to the same acceptor. Note that truly parallel (i.e., simultaneous)
